Abstract. We present a study on the charge current quasi elastic scattering of ν µ from nucleon and nuclei which gives a charged muon in the final state. To describe nuclei, the Fermi Gas model has been used with proposed Pauli suppression factor. The diffuseness parameter of the Fermi distribution has been obtained using experimental data. We also investigate different parametrizations for electric and magnetic Sach's form factors of nucleons. Calculations have been made for CCQES total and differential cross sections for the cases of ν µ − N , ν µ − 12 C and ν µ − 56 F e scatterings and are compared with the data for different values of the axial mass. The present model gives excellent description of measured differential cross section for all the systems.
Introduction
The neutrinos produced in the upper atmosphere due to the bombardment of cosmic rays are one of the best tools for the study of neutrino oscillations. There are many ongoing and proposed experiments worldwide to study the phenomena of neutrino oscillations [1, 2, 3, 4, 5, 6] . The neutrinos with energies between 1 to 3 GeV form bulk of the signal in the detector. The neutrino in this energy range can interact with matter by many processes such as quasi elastic scattering, interaction via resonance pion production, and deep inelastic scattering [7] . There is also coherent pion production process in neutrino nucleus scattering [8] . The charge current interactions of neutrinos inside the matter are important since the experiments measure the recoil muon produced in such interactions. The materials like carbon, iron [6] and argon offer a convenient detector media. We present the studies with carbon and iron.
At the lowest neutrino energies, the interactions with nucleon are either elastic or quasi elastic in which the nucleon recoils intact. In the neutral current (NC) elastic scattering, all neutrinos and all anti-neutrinos can scatter off both neutrons and protons: ν + N → ν + N . When neutrinos acquire sufficient energy, they can also undergo the charged current interactions: ν l + n → l − + p andν l + p → l + + n. This is called charged current quasi-elastic scattering (CCQES) as a charged lepton mass is created. CCQES interactions are important to neutrino physics for two reasons. First, the nucleon recoils intact that enables to measure weak nucleon form factors which are difficult to measure in other scattering probes. Second, the two body interaction enables the kinematics to be completely reconstructed (if one ignores two-nucleon contribution) and hence the initial neutrino energy can be determined which is crucial for measuring the oscillation parameters. Thus, a reliable description of the neutrino quasi elastic scattering (QES) processes (particularly on nuclear targets) is essential for precision studies of neutrino oscillation parameters, such as mass splitting and mixing angles [9, 10, 11, 12, 13, 14, 15] .
The most popular model for the CCQES calculations is the Llewellyn Smith (LS) model [16] . The Fermi Gas Model [17] with Pauli suppression condition is used in the case of bound nucleon to include nuclear modifications. These models have advantage that they can be readily incorporated into existing neutrino Monte Carlo generators [18] [19, 20, 21] , though there exist more sophisticated calculations of quasi elastic scattering such as relativistic distorted-wave impulse approximation [22] . A global analysis [23] of the QES cross sections measured in high energy ν µ experiments on nuclear targets finds a value of axial mass M A = 0.977 ± 0.016 GeV. There are recent measurements of differential and total cross sections for QES of ν µ ,ν µ of energies above 4 GeV on carbon by the NOMAD collaboration [24] . The NOMAD analysis of cross sections assuming free nucleon model yields a value of M A = 1.05 ± 0.02±0.06 GeV. The nuclear effects as will be shown here reduce the cross section by 10 % even at higher neutrino energy above 1 GeV which implies that a larger fit value of M A is expected if the nuclear effects are included. The QES cross sections for low energy (≈) 1 GeV neutrino scattering on carbon measured by the MiniBooNE detector [25, 26, 27, 28] is 20% larger than the model calculations. The model calculations of MiniBooNE analysis use a large value of axial mass (1.35 GeV) which increases the total cross section at all energies along with an empirical parameter in the Pauli Blocking condition which decreases the cross section at lower energies [29] . The data from K2K with oxygen target [30] also require a higher value M A = 1.2 ± 0.12 GeV.
To get a better description of the cross-section data at low energy, the work in Ref. [31] parametrizes M A as a function of energy which results in a higher value of M A at low energy. A recent work uses an axial vector form factor obtained from a generalized axial vector meson dominance model with prior uncertainty band [32] . A relativistic Fermi gas model is then used to describe the MiniBooNE data in neutrino energy range from 0.5 to 1.5 GeV within uncertainties. A superscaling approach (SuSA) based on the analysis of electron nucleon scattering improved with relativistic mean field theory effect is used in Ref. [33] . They also study the contribution of two nucleon knockout reaction in neutrino nucleus interaction. The work in Refs. [34, 35] used the empirical SuSA scaling function to describe the CCQE MinibooNE data including 2p2h (two nucleons producing two holes) contributions. The calculations underestimates the data even after adding the 2p2h contibutions. In the present work we do not include the 2p2h contribution.
In this work, we calculate the neutrino-nucleon CCQES cross section using Llewellyn Smith model. We also investigate different parametrizations for electric and magnetic Sach's form factors of nucleons. For the cases of nuclei, the Fermi Gas model has been used with Pauli blocking. Calculations have been made for CCQES total and differential cross sections for the case of ν µ − N , ν µ − 12 C and ν µ − 56 F e scattering and are compared with the data with the aim of obtaining appropriate value of the axial mass.
The Model of Neutrino-Nucleon Quasi Elastic Scattering
The charged current quasi elastic (CCQES) neutrino nucleon differential cross section for a nucleon in the rest is given by [16] dσ f ree
Here, M N is the mass of nucleon, G F (=1.16 × 10 −5 GeV −2 ) is the Fermi coupling constant and cos θ c (=0.97425) is the Cabibbo angle. In terms of the mandelstam variables s and u, the relation
, where m l is the mass of muon, E ν is the neutrino energy and Q 2 is the square of the momentum transfer from neutrino to outgoing muon.
The functions A, B and C can be written in the following form [16] A(
Here, τ = Q 2 /(4M 2 ). The form factors used for neutrino and antineutrino scatterings are the same because of the charge symmetry of the matrix element. The function F A is the axial form factor, F P is the pseudoscalar form factor and F The axial form factor F A can be written in the dipole form [36] as
where g A (= -1.267) is the axial vector constant and M A is the axial mass. The pseudoscalar form factor F P can be calculated from the axial form factor F A [37] as
where m π is the mass of pion. The vector form factors F V 1 and F V 2 can be written as [36] [38]
Here, G p,n E and G p,n M are respectively the electric and magnetic Sach's form factors of nucleons (proton and neutron). There are many parametrizations of these form factors which are obtained by fitting the electron scattering data and are given by Galster [39] , Budd et al. [40] , Bradford et al. [41] , Bosted [42] and Alberico et al. [43] . We use Galster parametrizations in our calculation. We find that all the parametrizations produce almost same results. Such a comparison with Galster and the latest Alberico's parametrizations is presented in the results section.
The electric and magnetic Sach's form factors given by Galster [39] are as follows
For the electric form factor of neutron, we use the parametrization given by Krutov et. al. [44] as
The magnetic moment of proton µ p = 2.793 and that of neutron
with M 2 v =0.71 GeV 2 . The Sach's form factor given by Alberico et al. [43] are
We study the effect of Galster and Alberico parametrizations of electromagnetic form factors on CCQES cross section of neutrino nucleon scattering. The neutrino QES total cross section for a free nucleon is calculated as [45] 
where
N + 2M N E ν and E l and k are the energy and momentum of the charged lepton.
The Fermi Gas Model The cross section for the neutrino scattering with a nucleon in a nucleus is smaller than that in the case of free nucleon scattering. The nucleus can be treated in terms of the Fermi gas model where the nucleons move independently (Fermi motion) within the nuclear volume in a constant binding potential generated by all nucleons. In the Fermi gas model, all the states up to the Fermi momentum k F are occupied. The Pauli blocking implies that the cross section for all the interactions leading to a final state nucleon with a momentum smaller than k F is equal to zero. There are many prescriptions for the Fermi model [16, 17, 23] and Pauli blocking.
The differential cross section per neutron for the charged current neutrino-nucleus quasi elastic scattering is given by
Here, the factor 2 accounts for the spin of the neutron, 2V /((A − Z)(2π) 3 ) = ρ 0 and V is the volume of the the nucleus. dσ f ree /dQ 2 is the neutrino QES differential cross section for free neutron at rest given by Eq. 1. The effective neutrino energy E ef f ν in the presence of the Fermi motion of the nucleon is given by
Here, s ef f = M 2 n + 2E ν E n − k n cos(θ) and the neutron energy is E n = k 2 n + M 2 n in terms of neutron momentum k n and mass M n . The fermi distribution for non-interacting particles at zero temperature sharply drops at fermi momentum. In reality, the fermi distribution would drop smoothly with a diffuseness a = kT . The Fermi distribution function f ( k n ) is defined as
Here, k F is the mean Fermi momentum. The normalization ρ 0 is given as
The Pauli suppression factor is given by
Here, the variable ν = (
is the energy transfer in the collisions and ν min is obtained by Pauli Blocking and binding energy (E B ) considerations: ν . The value of the Fermi momentum (k F ) for the carbon nucleus is taken as 0.221 GeV from Ref. [46] . For the iron nucleus, k F for both the neutron and proton is taken as 0.260 GeV from Ref. [46] . [47] , the authors study various parameterizations of Galster et al. [39] , Budd et al. [40] , Bradford et al. [41] , Bosted et al. [42] and Alberico et al. [43] to observe their effect on scattering cross sections for neutrino induced CCQES processes on nuclear target like Ar. They found that the cross section has no dependence on the choice of parameterizations at E ν < 1 GeV. Figure 5 shows the differential cross section dσ/dQ 2 for the neutrino-neutron CCQES as a function of Q 2 obtained using Galster (at M A = 0.979, 1.05, 1.12 and 1.23 GeV) and Alberico (at M A = 1.12 GeV) parametrization at 2 GeV neutrino energy. The value of dσ/dQ 2 increases with the increase in the value of axial mass M A . A comparison of the cross sections using the Alberico and the Galster parametrizations made at axial mass M A = 1.12 GeV shows that there is no noticeable difference due to different parametrizations of Sach's form factors and for all further calculations we use the Galster parametrization. Such a study has been made with all the parameterizations as mentioned in the last section and these do not make any difference to the cross section. Figure 6 shows the differential cross section dσ/dQ 2 for the neutrino-neutron, neutrino-carbon and neutrino-iron CCQES as a function of Q 2 at 2 GeV neutrino energy obtained using axial mass M A = 1.05 GeV. For the neutrino-carbon and neutrino-iron calculations we use the Fermi Gas model with Pauli blocking. The Fermi momentum (k F ) for the carbon nucleus is taken as 0.221 GeV and for the iron nucleus it is taken as 0.260 GeV. The effective binding energy E B of nucleon in the nucleus is taken as 10 MeV. The value of a is 0.020 GeV. The cross sections at low Q 2 drop due to the nuclear effects. Due to diffuseness parameter, the differential cross-section for neutrino nucleus interaction drops smoothly as Q 2 goes to zero as shown in Fig. 6 . Figure 7 shows the differential cross section dσ/dQ 2 per neutron for the neutrinocarbon CCQES as a function of Q 2 at different values of axial mass M A = 0.979, 1.05, 1.12 and 1.23 GeV using Galster parametrizations for Sach's form factors. The calculations correspond to an average neutrino energy < E ν > = 0.788 GeV are compared with the data recorded by the MiniBooNE (MiniBooNE10) experiment [29] . The cross section is obtained by averaging over calculations in a range of energies weighted by the neutrino energy spectrum given by the MiniBooNE data. The calculations with M A = 1.05, 1.12 and 1.23 GeV are compatible with the data. Figure 8 shows the differential cross section dσ/dQ 2 per neutron for the neutrino- carbon CCQES as a function of Q 2 with different values of M A = 0.979, 1.05, 1.12 and 1.23 GeV. The calculations are at an average neutrino energy < E ν > = 2 GeV corresponding to the data recorded by the GGM77 (Gargamelle) [48] . The cross section from GGM79 experiment [49] measured in the neutrino energy range 1.5 to 5.5 GeV are also plotted. The calculations with M A = 0.979 and 1.05 GeV are compatible with the data. Figure 9 shows the differential cross section dσ/dQ 2 per neutron for the neutrinocarbon CCQES as a function of Q 2 with values of M A = 0.979, 1.05, 1.12 and 1.23 GeV. The calculations are at average neutrino energy < E ν > = 3.5 GeV corresponding to the MINERνA data [50] . The calculations with M A = 1.05 and 1.12 GeV are compatible with the data. Figure 10 predicts the differential cross section dσ/dQ 2 per neutron for the neutrinoiron CCQES as a function of the square of momentum transfer Q 2 at neutrino energy 2 GeV for values of M A = 0.979, 1.05, 1.12 and 1.23 GeV. Figure 11 shows the total cross section σ for the neutrino -neutron CCQES as a function of E ν obtained using Galster (at M A = 0.979, 1.05, 1.12 and 1.23 GeV) and Alberico (at M A = 1.12 GeV) parametrization. The value of σ increases with the increase in the value of axial mass M A . A comparison of the total cross sections using the Alberico parametrizations and the Galster parametrization made at axial mass M A = 1.12 GeV shows that there is no noticeable difference due to different parametrizations of Sach's form factors. The calculations are compared with the 
Results and Discussions
and for Q 2 1 GeV 2 Galster's values are slightly below Alberico values. Figure 3 shows the electric Sach's form factor G n E for neutron as a function of Q 2 obtained using Galster and Alberico parametrization. Below Q 2 ≈ 1 GeV 2 , the values of the Galster parametrization is more than that from Alberico parametrization but above Q 2 ≈ 1 GeV 2 , the Alberico parametrization gives higher values. Figure 4 shows the magnetic Sach's form factor G n M for neutron as a function Q 2 obtained using the Galster and Alberico parametrization. Both the parametrizations give almost same values of G n M . In the Ref.
Differential cross section dσ/dQ
2 per neutron for the neutrino-carbon CCQES as a function of Q 2 for different values of the axial mass M A at average neutrino energy < E ν > = 2 GeV corresponding to GGM data [48, 49] . data recorded by Neutrino Oscillation MAgnetic Detector (NOMAD09) [24] , Argonne National Laboratory (ANL73) [51] , Argonne National Laboratory (ANL77) [52] , Brookhaven National Laboratory (BNL81) [53] , Fermi National Laboratory (FNAL83) [54] and Big European Bubble Chamber (BEBC90) [55] collaboration. The calculations with M A = 0.979, 1.05 and 1.12 GeV are compatible with the data. The calculations of σ with M A = 1.23 GeV overestimate all the experimental data. The diffuseness parameter does not affect the total cross section. Figure 12 shows the total cross section σ for the neutrino-neutron, neutrino-carbon and neutrino-iron CCQES as a function of E ν obtained using axial mass M A = 1.05 GeV. For the neutrino-carbon and neutrino-iron calculations we use the Fermi Gas model with Pauli blocking. The nuclear effects reduce the cross section by 10 % even at higher neutrino energy above 1 GeV. Figure 13 shows the total cross section σ per neutron for the neutrino-carbon CCQES scattering as a function of E ν obtained using Galster parametrization with axial mass M A = 0.979, 1.05, 1.12 and 1.23 GeV. The calculations are compared with the data recorded by NOMAD09 [24] , MiniBooNE10 [29] , GGM77 [48] , GGM79 [49] and SKAT90 [56] experiments. The calculations with the value of M A = 1.23 GeV describes the MiniBooNE data but overestimate the other experimental data. The calculations with M A = 1.05 and 1.12 GeV are compatible with NOMAD09, GGM77, GGM79 and Differential cross section dσ/dQ 2 per neutron for the neutrino-carbon CCQES as a function of Q 2 for different values of the axial mass M A at average neutrino energy < E ν > = 3.5 GeV corresponding to MINERνA data [50] . SKAT90 data. There are alternative ways to get a better description of the cross-section data at low energy e.g. the work in Ref. [31] parametrizes M A as a function of energy which results in higher value of M A at low energy. Figure 14 shows the total cross section σ per neutron for the neutrino-iron CCQES as a function of the E ν obtained using Galster parametrization with axial mass M A = 0.979, 1.05, 1.12 and 1.23 GeV. The calculations are compared with the data recorded by ANL69 [57] and Neutrino at the Tevatron (NuTeV04) [58] experiments. The calculations with M A = 1.05 and 1.12 GeV are compatible with the data.
Conclusion
We presented a study on the charge current quasi elastic scattering of ν µ from nucleon and nuclei. We use a Fermi model with Pauli suppression factor which is simple to incorporate yet includes all the essential features. The investigation of parametrizations for electric and magnetic Sach's form factors of nucleons shows that there is no noticeable difference in cross section due to different parametrizations. Calculations have been made for CCQES total and differential cross sections for the cases of ν µ − N , ν µ − 12 C and ν µ − 56 F e scatterings and are compared with the data for different values of the axial mass. The calculations give excellent description of the differential cross section data. The diffuseness parameter does not affect the total cross section. The calculations with axial mass 1.05 and 1.12 GeV give good description of most of the experimental data and thus a value between these two can be taken as the most acceptable value of M A . The data from MiniBooNE demands a larger value of M A = 1.23 GeV to get an excellent fit.
